way surface dehydration is a pathological feature of cystic fibrosis (CF) lung disease. CF is caused by mutations in the CF transmembrane conductance regulator (CFTR), a cyclic AMP-regulated Cl Ϫ channel controlled in part by the adenosine A2B receptor. An alternative CFTR-independent mechanism of fluid secretion is regulated by ATP via the P2Y 2 receptor (P2Y2R) that activates Ca 2ϩ -regulated Cl Ϫ channels (CaCC/TMEM16) and inhibits Na ϩ absorption. However, due to rapid ATP hydrolysis, steady-state ATP levels in CF airway surface liquid (ASL) are inadequate to maintain P2Y 2Rmediated fluid secretion. Therefore, inhibiting airway epithelial ecto-ATPases to increase ASL ATP levels constitutes a strategy to restore airway surface hydration in CF. Using [␥ 32 P]ATP as radiotracer, we assessed the effect of a series of ATPase inhibitory compounds on the stability of physiologically occurring ATP concentrations. We identified the polyoxometalate [Co 4(H2O)2(PW9O34)2] 10Ϫ (POM-5) as the most potent and effective ecto-ATPase inhibitor in CF airway epithelial cells. POM-5 caused long-lasting inhibition of ATP hydrolysis in airway epithelia, which was reversible upon removal of the inhibitor. Importantly, POM-5 markedly enhanced steady-state levels of released ATP, promoting increased ASL volume in CF cell surfaces. These results provide proof of concept for ecto-ATPase inhibitors as therapeutic agents to restore hydration of CF airway surfaces. As a test of this notion, cell-free sputum supernatants from CF subjects were studied and found to have abnormally elevated ATPase activity, which was markedly inhibited by POM-5.
INTRODUCTION
The mucus gel layer covering the airway surface periciliary layer (PCL) traps inhaled materials and also acts as a reservoir for water, buffering hydration of the PCL for needed cellsurface lubrication and efficient ciliary beating. Airway surface liquid dehydration and the production of hyperconcentrated mucus lead to airway obstruction and are pathological features of cystic fibrosis (CF), chronic obstructive lung disease (COPD), and asthma. Airway surface hydration is maintained by water fluxes driven by the balance between active Cl Ϫ secretion versus Na ϩ absorption.
CF is caused by a genetically deficient production/function of the CF transmembrane conductance regulator (CFTR) protein, a cyclic AMP-regulated airway epithelial Cl Ϫ channel. In normal airways, fluid transport is regulated in part by airway surface liquid (ASL) concentrations of adenosine (Ado) acting on the airway epithelial G s -coupled A 2B receptor (A 2B R), which promotes Cl Ϫ secretion via cyclic AMP-regulated CFTR activation (20, 21) . The G q -coupled P2Y 2 receptor (P2Y 2 R), which is activated by ATP, provides additional mechanisms for CFTR activation via protein kinase C (17) and Ca 2ϩ stimulation of adenylyl cyclase (26) . However, due to the genetically deficient production/function of CFTR, these mechanisms are inoperative in CF. An alternative CFTRindependent pathway for water transport is provided by the P2Y 2 R via the Ca 2ϩ -activated Cl Ϫ channel CaCC/TMEM16 and inhibition of Na ϩ absorption (19) .
Mechanisms that sense surface hydration tune the nucleotide release and extracellular hydrolysis pathways to regulate ATP and Ado levels in ASL (5) . ATP is released onto the luminal surface from 1) ciliated cells via the apical membrane channel pannexin 1 (32, 35) and 2) goblet cell mucin granules via vesicular nucleotide transporter (VNUT)-mediated transport (36) . Once released, ATP can interact with P2Y 2 R but is also rapidly converted to Ado by cell-surface ecto-nucleotidases. While a body of literature, including our own studies, indicates that ATP release rates are not altered in CF (14, 21, 28, 34, 40, 42) , ecto-ATPases in CF maintain ASL ATP levels below threshold values for P2Y 2 R activation (21, 27) . Consequently, the CFTR-independent mechanism downstream of P2Y 2 R cannot optimally regulate ASL hydration throughout the lung in CF (21) .
Restoration of ASL hydration is a goal of CF therapies but remains difficult to achieve due to the complexity of the regulatory systems that maintain ASL homeostasis. One strategy to restore ASL volume in CF airway surfaces is to raise the effective level of nucleotides in airway surfaces. One approach to achieve this goal was to aerosolize relatively ecto-ATPaseresistant dinucleotides (denufosol) onto CF airway surfaces. This approach was limited by the receptor desensitization produced by delivery of high concentrations of these agents onto airway surfaces (5) . An alternative approach to raising steady-state ATP levels on airway surfaces is to inhibit the metabolism of endogenously released ATP. However, effective inhibitors of ATP hydrolysis in CF airways have not been identified, due, in part, to the complex array of ATP metabolizing ectoenzyme activities expressed on airway surfaces.
Three major families of ecto-nucleotidases hydrolyze extracellular ATP: 1) ecto-nucleoside triphosphate diphosphohydrolases (ENTPDs); 2) ecto-nucleotide pyrophosphatases/phosphodiesterases (ENPPs); and 3) nonspecific alkaline phosphatase (NSAP) (43) . ENTPDs are two-transmembrane domain proteins with large extracellular loops harboring catalytic sites. ENTPDs hydrolyze ATP and ADP, producing AMP and inorganic phosphate (Pi) as final hydrolysis products. ENTPDs are composed of four subtypes (ENTPD1 or CD39, ENTPD2, ENTPD3, and ENTPD8), and each hydrolyzes ATP and ADP at different rates (43) . ENPPs remove pyrophosphate (PPi) from ATP, producing AMP. ENPP1 and ENPP3 contain a single transmembrane domain, while ENPP2 is a secreted enzyme. NSAP is a glycosylphosphatidylinositol-anchored protein that dephosphorylates ATP, ADP, and AMP, generating adenosine (43) . Members of these three families of ecto-ATPases are expressed in airway epithelia (4, 29, 30) . In addition to cell-associated activities, ATPases also can be secreted from submucosal glands (10) or shed into the airways by epithelial or inflammatory cells, e.g., with exosomes (7), likely contributing as "soluble" enzymes to ATP depletion in ASL in vivo (2, 18, 37) . Thus, secreted/shed ATPases further shield the P2Y 2 R from bulk phase nucleotides, greatly diminishing the effectiveness of released ATP to hydrate intraluminal mucus in CF.
In the present study, we assessed ATP hydrolysis under first-order kinetics, i.e., using trace amounts of [␥ 32 P]ATP [(ATP) ϽϽ K m ], which most closely predicts the decay pattern of physiologic concentrations of ATP occurring in ASL (21) . Using this approach, we screened a series of ecto-ATPase inhibitor structures to identify molecules that potently and effectively reduce ATP hydrolysis in CF airway epithelia and CF lung secretions. We then tested the hypothesis that, by enhancing steady-state levels of released ATP, ATPase inhibitors promote increased ASL volume production in CF cells.
METHODS
Cell cultures and incubations. Primary (P0) human bronchial epithelial cells (HBEC) from normal subjects and CF subjects were obtained from the University of North Carolina (UNC) CF Center Tissue Culture Core. Cells were differentiated into air-liquid interface (ALI) preparations for 5-7 days on collagen-coated 12-mm Transwell permeable supports (Costar) and subsequently maintained for 4 -5 wk, as previously described (21, 35) . All cultures used exhibited a ⌬508/ ⌬508 CFTR genotype, which is the most common CFTR mutation.
Sputum and subjects. Induced sputum was collected from 15 healthy and 11 CF subjects (Table 1) and cell-free sputum supernatants were obtained as previously described (2, 15) . Studies were approved by the UNC Institutional Review Board (IRB no. 06-0979), and all participants provided written informed consent.
ATP hydrolysis. Measurements with HBECs were performed as previously described (21) . Briefly, cultures were maintained in (basolateral) ALI medium and the apical surface rinsed (3ϫ) with PBS and preincubated for 1 h with 250 L Hanks' balanced salt solution (HBSS) supplemented with 2 mM CaCl 2 and 2 mM MgCl2 and buffered with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; 25 mM pH 7.4). To assess ATP hydrolysis under first-order kinetics, incubations were initiated by the addition of 2 L 0.1 Ci [␥ 32 P]ATP (Perkin-Elmer; S.A. Ͼ 3,000 Ci/mmol); no ATP mass was added to these incubations At the times indicated, 10 L mucosal solutions were transferred to 1.5-mL Eppendorf tubes containing 100 L 1 mM ATP, heated at 95°C for 2 min to inactivate potential ATPase activities shed from cells, cooled on ice, and analyzed by HPLC (see below). To assess the rates of hydrolysis of various ATP concentrations, 0.03-1.0 mM ATP was added to cells concurrently with [␥ 32 P]ATP and aliquots were collected at 2, 5, 15, 30, and 60 min. The initial rate of ATP hydrolysis was calculated from incubations that exhibited Ͻ10% [␥ 32 P]ATP hydrolysis. For experiments with ATPase inhibitors, 25 L vehicle or drugs (10ϫ) were added to cells 10 min prior to addition of [␥ 32 P]ATP. To measure ATP hydrolysis in sputum supernatants, 5 L 0.1 Ci [␥ 32 P]ATP was added to 45 L ice-cold sputum supplemented with 2 mM CaCl2, 2 mM MgCl2, and 25 mM HEPES pH 7.4 and vehicle/inhibitor as indicated. Samples were incubated at 37°C for 15 min. Reactions were terminated by transferring samples to ice followed by the addition of 100 L 1 mM ATP and heated at 95°C, as above. 32 P-labeled species were quantified via a Waters HPLC using a Symmetry C15 5-m (4.6 ϫ 150 mm) column eluted with 1 mL/min of a mobile phase consisting of 100 mM KH2PO4 and 8 mM tetrabutylammonium bisulfate in 20% methanol pH 5.3. Elution times of 32 P-labeled species were 32Pi, 2.3 min; 32PPi, 3.1 min; and [ 32 P]ATP, 5.3 min.
ATP release. To promote acute ATP release, HBECs were subjected to hypotonic cell swelling, as previously described (35) . Briefly, the apical surface was rinsed and preincubated undisturbed for 1 h in 100 L luminal HBSS. In the absence/presence of 100 M polyoxometalate-5 (POM-5), 100 L saline or H2O were added to cells. After 5 min, 100 L of the apical solution was removed, transferred to tubes containing 100 L ice-cold H2O, heated at 95°C as above, and stored at Ϫ80°C until further analysis. To induce chronic shear stress-promoted ATP release, cultures were subjected to phasic motion for 1 h in 60 L HBSS in the presence or absence of 100 M POM-5 (5) . At the end of the incubation, 30 L ASL were Values are means Ϯ SD. *Genotype data indicate that 9 cystic fibrosis (CF) sputum donors expressed either the ⌬508/⌬508 CFTR mutation or ⌬508/other mutation; the other 2 subjects expressed G551/R334 and S549/S549, respectively. †Values are prebronchodilator for controls and postbronchodilator for subjects with CF. ‡PMN data available for 13 controls and 8 subjects with CF. FVC, force vital capacity; FEV1, force expiratory volume (1 s); FEF 25-75, force expiratory flow at 25%-75% FVC; PMN, polymorphonuclear leukocytes (neutrophils). transferred to tubes containing 170 L ice-cold H2O and processed as above.
Quantification of adenine nucleotide concentrations. Concentrations of ATP, ADP, AMP, and adenosine were measured by a modification of the etheno-derivatization technique previously described (21) . Briefly, 200 L samples were incubated with 0.5 M 2Cl-acetaldehyde in citrate-phosphate buffer pH 4.0 (45 min, 80°C), and the resulting fluorescent etheno species were separated by HPLC (injection volume ϭ 50 L) via an RP-18c Chromolith column (11) . Ethenylated (e) species were eluted as follows: eAMP, 2.47 min; eAdo, 3.22 min; eADP, 4.13 min; eATP, 6.99 min.
ASL height. Cells were maintained at an air-liquid interface overnight under phasic motion (0.5 dyn/cm 2 , 14 cycles/min) (5) . Afterward, PBS or PBS containing 1 mM POM-5 was applied via an Aeroneb Laboratory Nebulizer [final (POM-5) ϭ 100 M; volume applied ϭ 100 nL], and ASL height was measured by confocal microscopy, as in Ref.
5.
Real-time PCR analysis. Total RNA was isolated using the Zymo Direct-zol RNA mini prep kit and 500 ng RNA were reversetranscribed into cDNA using Superscript II. RT-PCR for ENTPD1, ENTPD2, ENTPD3, ENTPD8, and NSAP was performed using TaqMan Gene Expression Assays from Applied Biosystems. GAPDH was used as a reference gene.
Transepithelial resistance (RT) was measured via an EVOM 2 epithelial volt ohm meter, as described (9) .
Reagents (22, 24) . Other chemicals were from sources reported previously (21) .
Statistics. Except when indicated otherwise, comparisons between sample groups were tested with independent t tests (JMP Pro-12). Because of overall small sample sizes, no adjustments for multiple comparisons were made. P value Ͻ 0.05 was considered significant. All results are presented as mean Ϯ SD.
RESULTS
ATP hydrolysis in HBEC ASL. The stability of radiotracer amounts of [␥ 32 P]ATP was assessed in ASL bathing non-CF and CF HBEC. [␥ 32 P]ATP hydrolysis exhibited first-order kinetics with similar rate constants (k) in non-CF and CF cells and comparable half-live values (non-CF, t1/2 ϭ 1.9 min; CF, t1/2 ϭ 1.4 min) ( Fig. 1 ). In both CF and non-CF HBEC, 32 Pi was the sole product of [␥ 32 P]ATP hydrolysis, i.e., at no time was the formation of 32 PPi observed. The absence of 32 PPi accumulation was not due to PPi degradation (PPi¡2Pi), as 32 PPi added to cells remained unaltered after 60 min (not shown). These results suggest that ecto-ATPases other than ENPPs (e.g., ENTPDs and/or NSAP) are responsible for the rapid ATP depletion observed in non-CF and CF HBEC ASL.
ENTPD and NSAP expression in HBEC. The relative abundance of ENTPDs and NSAP was assessed via real-time PCR analysis. ENTPD3 and NSAP were the predominant ATPase genes amplified in control and CF cells. ENTPD1 and ENTPD2 were also amplified in control and CF HBEC but with apparently lower abundance than ENTPD3 (Fig. 2 ). ENTPD8 expression was below detection limit, i.e., the amplification signal was undistinguished from background after 35 PCR cycles. No differences were observed between control and CF cells in the levels of expression of these genes (Fig. 2) .
Screening for inhibitors of ATP hydrolysis in airway epithelia. Ecto-ATPase inhibitors described in the literature derive from the following chemical classes: 1) nucleotides and Values were log transformed to achieve normality, and mean differences between CF and non-CF HBEC data were assessed with linear mixed models, with a sample as random effect factor (R package, nlme). The data were plotted using the 2 (Ϫ⌬⌬CT) transformation [CT, threshold cycles (33) ]. The mean value for CTL ENTPD1 expression was used as relative baseline value. ENTPD3 and NSAP were significantly different from ENTPD1 and ENTPD2. *P Ͻ 0.05; **P Ͻ 0.001; ***P Ͻ 0.0001.
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Ecto-ATPases CONTRIBUTE TO AIRWAY SURFACE DEHYDRATION IN CF analogs (e.g., ARL 67156, ␤,␥-MetATP); 2) sulfonated dyes/ anthraquinone derivatives (e.g., Reactive Blue, PSB 06126) (3); 3) suramin (a hexasulfonated naphthylurea) and analogs (e.g., NF 279) (25); and 4) polyoxometalates (POMs) (22) . Additional molecules exhibiting ATPase inhibitory activity include the stilbene disulfonate DIDS (12) and pyridoxal phosphate-6-azophenyl-2=,4=-disulfonic acid (PPADS) (16) . Lastly, levamisol (imidazothiazole derivative) is an effective although weak inhibitor of NSAP (30) . The reported selectivity of these inhibitors toward ecto-ATPases is summarized in Table 2 .
As an initial screen to identify candidate molecules that inhibit ATP hydrolysis in HBEC ASL, the effects of members of the above mentioned chemical groups on [␥ 32 P]ATP hydrolysis were investigated. Because of the limited availability of primary cultures of CF cells, our initial screen used HBEC from non-CF donors.
As shown in Fig. 3 , nearly 80% of the initial [␥ 32 P]ATP administrated to cells was hydrolyzed within 5 min. Levamisol had little to no effect on this hydrolysis, ruling out contributions of NSAP. The nonspecific ENPP inhibitor ␤,␥-MetATP also had negligible effects on [␥ 32 P]ATP hydrolysis. NF 279, which was shown to inhibit ENTPDs (25) , markedly reduced ATP hydrolysis after the initial 5-15 min, but 97% [␥ 32 P]ATP was hydrolyzed after 60 min. PPADS, a P2XR antagonist shown to inhibit rat ENTPD1 and ENTPD2 (16), also delayed but did not prevent ATP hydrolysis. Similarly, ARL 67156, a relatively weak inhibitor of ENTPDase1 and ENTPD3 that has no effect on ENTPD2 (23, 24) , showed a partial and transient effect. A more robust inhibition of [ 32 P]ATP hydrolysis was observed with PSB 06126, DIDS and, most sustainable, POM-1 (Fig. 3) . The DIDS analog SITS displayed no effect at all on ATP hydrolysis (not shown). Attempts to test for the effect of the PSB 06126 analog PSB-069 were unsuccessful due to its poor solubility in aqueous solutions (3) .
POM-5 is a potent and effective inhibitor of ATP hydrolysis in HBEC. Recently, various POMs have been evaluated and shown to exhibit similar or more potent inhibition, relative to POM-1, on recombinant ecto-ATPases (22) . Accordingly, the effects of POM-1, POM-4, POM-5, and POM-6 were examined in both non-CF and CF HBEC. POM-4 and POM-5 exhibited more robust and long-lasting inhibition of ATP hydrolysis than POM-1 and POM-6 in both non-CF and CF HBEC; 50 -80% of the initial [ 32 P]ATP was recovered after 60 min in the presence of POM-4 or POM-5. No major differences were observed between non-CF and CF HBEC regarding POM inhibition (Fig. 4) .
Inhibitor concentration-effect relationships for [ 32 P]ATP hydrolysis on HBEC indicated that POM-5 was a more potent inhibitor (IC 50 ϭ 4.8 M) than POM-6 (IC 50 ϭ 9.8 M) and POM-4 (IC 50 ϭ 10.6 M), whereas POM-1 exhibited relatively weaker inhibition (IC 50 ϭ 32.1 M) (Fig. 5A ). To gain further insight into the nature of POM-5 inhibition, the initial rates of hydrolysis of various ATP concentrations were determined in the absence or presence of 30 M POM-5. In naïve cells, ATP hydrolysis rates increased exponentially with substrate concentration, but changes in hydrolysis rates were blunted by 30 M POM-5 (Fig. 5B) . The minor effect of substrate concentration on POM-5 inhibition suggests that POM-5 either acts as a noncompetitive inhibitor or exhibits an affinity for ENTPDs that is considerably higher than ATP, as reported with POM-1 in cerebellar slices (41) . In addition, as shown with POM-1 in cerebellum (41), POM-5 inhibition of ATP hydrolysis in HBEC was largely reversible upon removing the inhibitor from cells. Incubation of HBEC with 30 M POM-5 resulted in robust inhibition of [ 32 P]ATP hydrolysis, but hydrolysis returned to near (although not identical to) control values in cells that were incubated with 30 M POM-5, then washed and incubated with [ 32 P]ATP (Fig. 5C) .
POM-5 markedly reduces the hydrolysis of released ATP. The effectiveness of POM-5 to prevent the metabolism of released ATP was assessed in HBEC subjected to acute (5 min) hypotonic cell swelling (27, 35) . To assess the pattern of nucleotide/nucleoside distribution following hypotonicity-induced ATP release, the entire spectrum of adenine nucleotides/ 
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Ecto-ATPases CONTRIBUTE TO AIRWAY SURFACE DEHYDRATION IN CF nucleosides in ASL was quantified using the etheno-derivatization technique (21) . In static, vehicle-treated HBECs, concentrations of ADP (~145 Ϯ 46 nM) and AMP (255 Ϯ 47 nM) were markedly higher than ATP (7 Ϯ 3 nM) and Ado (8 Ϯ 17 nM) ( Fig. 6 ). ATP represented Ͻ2% of the total extracellular nucleotide/nucleoside pool in static cells. Hypotonic challenge produced a 3-fold increase of total extracellular nucleotides in both vehicle-treated and POM-5-treated cells (net increase of 800 nM). However, striking differences in nucleotide distributions were observed with POM-5 treatment. In the absence of POM-5, levels of Ado, AMP, and ADP markedly increased (to 114 Ϯ 18 nM, 433 Ϯ 54 nM, and 702 Ϯ 103 nM, respectively), but ATP levels remained in the low nM range (13 Ϯ 5 nM). In contrast, in the presence of POM-5, ATP levels increased Ͼ50-fold (isotonic, 10 Ϯ 3 nM; hypotonic, 552 Ϯ 110 nM) and represented nearly 60% of the newly released adenine purine pool (Fig. 6 ). These findings indicate that POM-5 greatly (although not completely) reduced the ability of ENTPDs to hydrolyze ATP upon its release from cells.
POM-5 improves ASL volume regulation in CF HBEC cells. The ultimate goal of our study was to identify reagents that, by inhibiting ATP hydrolysis, would increase P2Y 2 R-mediated As we previously reported (40) , shear stressstimulated CF HBEC exhibited an ASL height of~5-7 m (Fig. 7, A and B) , which is markedly lower than the~14-m height measured in normal HBEC under similar conditions (40) . Notably, POM-5 increased ASL height in phasic motionstimulated CF HBEC to~15-20 m, and ASL height remained elevated after 2 h in the presence of POM-5 (Fig. 7B) . In parallel measurements, a Ͼ3-fold increase of ASL ATP concentration was observed in CF HBEC subjected to phasic motion in the presence, but not absence, of POM-5 (Fig. 7C ).
Control measurements indicated that POM-5 did not affect the transepithelial resistance (Table 3 ). Furthermore, the fact that no radioactivity was detected in the basolateral medium after 1 h of the combined addition of [ 32 P]PATP and POM-5 to the mucosal bath (not shown) suggests that POM-5 did not affect the monolayer integrity.
Increased ATPase activity in CF airway secretions. Studies with cell cultures may not completely describe the mechanisms of nucleotide-regulated ASL hydration in vivo. For example, we have previously reported that sputum from subjects with CF exhibited enhanced ATP hydrolysis rates relative to controls (37) . This observation suggests that ecto-ATPases secreted/ shed from airway epithelial and/or inflammatory cells in CF airways in vivo also contribute to ATP depletion in ASL, further reducing the effectiveness of released nucleotides to hydrate intraluminal mucus in CF lungs. Therefore, we investigated associations between ATPase activities and nucleotide/ nucleoside distribution in sputum supernatants from control and CF subjects.
The total quantity of purines in CF sputa (2.4 Ϯ 1.4 M, mean Ϯ SD) was fourfold higher than in control sputa (0.6 Ϯ 0.4 M), suggesting that nucleotide release is upregulated in CF airways, e.g., via VNUT nucleotide transporter upregulation (28) . However, while AMP and ADP levels were elevated in CF sputa, ATP concentration in CF samples (0.006 Ϯ 0.001 M) was markedly reduced (Ͼ20ϫ lower) relative to healthy controls (0.16 Ϯ 0.05 M) (Fig. 8A) . Notably, ATP comprised 26% of the total nucleotide pool in control samples but only 0.25% of the total pool in CF (Fig. 8A) . These data suggest that the reduced levels of ATP observed in CF secretions likely reflect increased ATP hydrolysis.
Direct measurements of [␥ 32 P]ATP hydrolysis in sputum supported this hypothesis. Incubation of CF sputum supernatants with [␥ 32 P]ATP for 15 min resulted in robust (53.5 Ϯ 12.5%, mean Ϯ SD) conversion of [␥ 32 P]ATP to 32 Pi. In contrast, 11.9 Ϯ 22% conversion was observed in control sputa (Fig. 8B ). Similar to our findings with HBEC, 32 Pi was the sole product of [␥ 32 P]ATP hydrolysis in sputum (not shown). Importantly, ATPase activity in CF sputa was nearly 8C ). Collectively, these data suggest that ATP hydrolysis in CF sputum is driven by members of the ENTPD family of ecto-ATPases.
DISCUSSION
By rapidly dephosphorylating ATP (and ADP), ecto-ATPases generate AMP and facilitate the formation of adenosine, lead-ing to A 2B R-promoted cyclic AMP-regulated CFTR activity. This pathway results in sustained regulation of water fluxes in normal airway epithelia. However, adenosine/A 2B R-mediated signaling fails to promote airway hydration in CF (21) . Furthermore, by reducing ASL ATP levels, ecto-ATPases limit the ability of airway epithelia to promote fluid secretion via P2Y 2 R-mediated CaCC Cl Ϫ channel activity and inhibition of epithelial Na ϩ channel, dampening an otherwise key compensatory mechanism for fluid secretion in CF cells. Therefore, we hypothesized that inhibition of ATPase activities would facilitate ASL hydration in CF.
We tested this hypothesis by utilizing a [ 32 P]ATP hydrolysis assay that, by closely predicting the decay of naturally occurring ASL ATP, allowed us to 1) identify molecules that potently and efficaciously reduced ATP hydrolysis in CF airway epithelial cells and increased the stability of released ATP and 2) demonstrated that inhibition of ATP hydrolysis led to increased ASL volume secretion onto CF airway epithelial cells.
As described in the present study ( Fig. 1) , ATP hydrolysis on airway surfaces exhibited first-order kinetics with rate constant and half-life values that were similar in CF and non-CF cells (Fig. 1) . These data suggest that the CFTR defect Table 3 . POM-5 has no effect on transepithelial cell resistance RT Values are means Ϯ SD; n ϭ 3/group. Transepithelial resistance (RT) was measured in human bronchial epithelial cells via an EVOM 2 epithelial volt ohm meter, as described (9) . POM, polyoxometalate. 
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Ecto-ATPases CONTRIBUTE TO AIRWAY SURFACE DEHYDRATION IN CF inherent to CF cells does not directly affect the stability of physiologically occurring ATP levels in ASL. Our real-time PCR analyses, indicating no difference in expression levels of ENTPDs and NSAP between CF and non-CF cells, support the functional data. An important finding of our study was the identification of POMs as potent inhibitors of ATP hydrolysis in airway epithelial cells. Polyoxometalates are anionic metal-oxides of early transition metals that, due to their negative charge, bear resemblance to nucleotides. This enables them to selectively block enzymes such as nucleotidases (38) . Using membrane preparations isolated from COS-7 cells overexpressing human ecto-ATPases, Lee and collaborators (22) identified POM-5 as the most potent inhibitor ENTPD1, ENTPD2, and ENTPD3; POM-5 also inhibited ENPP1 but had no effect on ENPP2, ENPP3, and NSAP. POM-4 was the second most potent inhibitor of ENTPD1, ENTPD2, and ENTPD3 and also inhibited ENPP1, ENPP2, ENPP3, and NSAP. POM-1 inhibited ENTPD1, ENTPD2, and ENTPD3, but with markedly lower affinity (20 -200-fold higher K i values) than POM-4 and POM-5 (22) . POM-6 inhibited ENTPD2 and ENTPD3 with affinities similar to POM-1 but was a weak and partial inhibitor of ENTPD1 [38% inhibition at 20 M (22)]. None of these POMs inhibited ENTPD8 (22) . Our results indicating 1) potent and strong inhibitory action of POM-5; 2) lack of effect of the NSAP inhibitor levamisol; and 3) absence of formation of 32 PPi following the addition of [ 32 P]ATP to cells led us to hypothesize that ENTPD1, ENTPD2, and/or ENTPD3 were responsible for ATP hydrolysis on HBEC. Furthermore, PSB 06126, a potent and highly selective inhibitor of rat ENTPD3 (3), markedly delayed (but did not prevent) [ 32 P]ATP hydrolysis in HBEC ( Fig. 3 ), suggesting that ENTPD3 is one important (but not the only) contributor. Unambiguous elucidation of the roles of ENTPD1, ENTPD2, and ENTPD3 in the regulation of ATP concentrations in ASL will require the development of selective inhibitors of these enzymes and/or the use of molecular approaches to knockdown/knockout these molecules.
Importantly, Ͼ60% of the initial [ 32 P]ATP was recovered intact in ASL in the presence of POM-4 and POM-5 after 1 h ( Fig. 3 ), suggesting that these POMs markedly prolong the stability of physiologically relevant concentrations of ATP. Indeed, POM-5 enhanced ATP levels resulting from acute cell swelling-promoted ATP release (Fig. 6) . Notably, in response to prolonged, physiologically relevant stimulation, i.e., shear stress-promoted ATP release, POM-5 increased ATP levels and produced rehydration of ASL in CF HBEC (Fig. 7) . This observation provides a proof of concept for the use of ENTPD inhibitors as therapeutic agents to restore ASL volume regulation in CF cells.
The mechanisms of nucleotide-regulated ASL hydration in inflamed CF airways are more complex than those described in CF cells cultured in the absence of an inflammatory/infectious environment. To mimic the in vivo CF environment, HBEC have been chronically exposed to CF-relevant inflamed environments, e.g., sterile supernatants of mucopurulent material (SMM) from CF lungs. Notably, SMM-exposed cell cultures exhibited mucus hyperproduction (1, 13) and enhanced expression of ENTPD3 (13) . Although not assessed here, the enhanced ENTPD3 activity associated with SMM-inflamed HBEC is predicted to be inhibited by POMs, most potently by POM-5 (22) . However, we did study CF sputum. Our data showed that cell-free sputum supernatants from subjects with CF exhibited markedly (Ͼ20ϫ) decreased concentrations of endogenous ATP and increased levels of AMP and ADP, consistent with increased ATPase activity (Fig. 8) . These supernatant data suggest that, in addition to cell-bound activities, ATPases either secreted from submucosal glands, as we previously reported (10), or shed with exosomes contribute to ATP depletion in CF airways. In this regard, Clayton and coworkers (7) demonstrated that plasma membrane-tethered ecto-nucleotidases associated with secreted exosomes accounted for 20% of the total ATP-hydrolytic activity in pleural effusions from patients with mesothelioma.
Similar to HBEC, [␥ 32 P]ATP hydrolysis in CF sputum resulted in formation of 32 Pi (but not 32 PPi), was markedly reduced in the presence of POMs, and was not affected by levamisol, strongly suggesting that ATP hydrolysis in CF lung secretions is driven by ENTPDs. Based on the elevated number of neutrophils present in CF sputa (Table 1 ), one speculation is that ENTPD1, which is abundantly expressed in inflammatory cells (8, 31) , is shed from neutrophils and contributes to ATP hydrolysis in CF lung secretions, as reported in COPD (18) . This hypothesis is apparently at odds with our data indicating strong inhibition of ATP hydrolysis with POM-6, which inhibits ENTPD2 and 3 but, as mentioned above, had only a partial effect on ENTPD1 (22) . As discussed above for HBEC, the molecular identification of the enzyme(s) responsible for ATP hydrolysis in lung secretions awaits the development of ENTPD subtype-specific inhibitors.
In summary, we have identified polyoxometalates that markedly reduce the hydrolysis of ATP by airway epithelial cells and inflamed CF sputum. By increasing the stability of released ATP in ASL, POM-5 restored ASL volume regulation in CF cells, suggesting that ecto-ATPase inhibitors are candidate tools to improve ASL/mucus hydration in CF. An ancillary observation in our study is that ATPase activity is elevated in CF lung secretions, suggesting that secreted/shed ATPases contribute to the positive feedback cycle of ATP degradation, airway/mucus dehydration, obstruction, and inflammation that characterizes the CF airways.
